Exploring the Potential of Electrical Impedance Tomography for Tissue Engineering Applications by Wu H et al.
materials
Article
Exploring the Potential of Electrical Impedance
Tomography for Tissue Engineering Applications
Hancong Wu 1 ID , Wenli Zhou 2, Yunjie Yang 1 ID , Jiabin Jia 1 and Pierre Bagnaninchi 3,*
1 Agile Tomography Group, School of Engineering, The University of Edinburgh,
Edinburgh EH9 3JL, UK;hason.wu@ed.ac.uk (H.W.); y.yang@ed.ac.uk (Y.Y.); jiabin.jia@ed.ac.uk (J.J.)
2 Department of Medical Oncology, Changzheng Hospital, Navy Medical University, Shanghai 200070, China;
Zhouwenli@smmu.edu.cn
3 MRC Centre for Regenerative Medicine, The University of Edinburgh, Edinburgh EH16 4UU, UK
* Correspondence: pierre.bagnaninchi@ed.ac.uk; Tel.: +44-131-651-9555
Received: 28 April 2018; Accepted: 29 May 2018; Published: 31 May 2018


Abstract: In tissue engineering, cells are generally cultured in biomaterials to generate
three-dimensional artificial tissues to repair or replace damaged parts and re-establish normal
functions of the body. Characterizing cell growth and viability in these bioscaffolds is challenging,
and is currently achieved by destructive end-point biological assays. In this study, we explore the
potential to use electrical impedance tomography (EIT) as a label-free and non-destructive technology
to assess cell growth and viability. The key challenge in the tissue engineering application is to
detect the small change of conductivity associated with sparse cell distributions in regards to the
size of the hosting scaffold, i.e., low volume fraction, until they assemble into a larger tissue-like
structure. We show proof-of-principle data, measure cells within both a hydrogel and a microporous
scaffold with an ad-hoc EIT equipment, and introduce the frequency difference technique to improve
the reconstruction.
Keywords: electrical impedance tomography; tissue engineering; cell viability; scaffolds; hydrogels
1. Introduction
Tissue engineering aims to generate artificial tissues and organs to repair or replace damaged
tissues in body [1]. It generally uses a combination of cells and biomaterials to engineer samples
several orders of magnitude higher than a single cell volume. Currently, tissue engineering makes
use of a variety of biomaterials varying from polymers, hydrogels to decellularised animal tissues [2].
Cell viability and proliferation are often difficult to be assessed in large samples with height and
diameter at the millimeter scale, and composed of non-transparent biomaterials. Hence, techniques
to investigate engineered tissues are at the cross-road between materials characterization, medical
imaging and optical microscopy.
Scanning electron microscopy (SEM), transmission electron microscopy (TEM), and micro
computed tomography (micro CT) are popular techniques in the field of tissue engineering,
and together with confocal and multiphoton microscopy, they have greatly helped us to improve our
understanding of tissue formation and cell–material interactions. However, these techniques require
fixing and cutting the tissues to perform histology staining, and the samples cannot be used in further
studies. MTT and MTS cell proliferation assays are alternative techniques to evaluate the cell viability
in the biomaterials. However, these assays are time-consuming and require dyeing [3], so that they
cannot perform a real-time and label-free assessment of cell viability in large samples, which will be
valuable to control the quality of the artificial tissue before implanting it in the body, without having to
use fluorescents or radioactive labels.
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It was demonstrated in the early 1900s that cell viability could be inferred by measuring the
electrical parameter of cells [4]. The double lipid bilayer membrane acts as an insulating interface,
delimiting two conductive media—the cytoplasm and the outer media. Hence, when the membrane
is compromised upon cell death, a radical change in cell conductivity occurs. The passive electrical
properties of biological cells are frequency dependent due to the interface polarization [4]. To adopt
these electrical properties to estimate the cell activities, the main technique is to generate an AC electric
field in the cultivation area and to measure the passive electrical response of the cells, which is called
dielectric spectroscopy (DS). It is a viable technique for cell suspension and tissue engineering [5–8],
and is therefore a good strategy to monitor cell growth and differentiation state in a non-invasive
and label-free way when culturing and differentiating cells in three-dimensional (3D) structures [9].
This was exemplified in the study by Canali et al. [10] to detect the presence of HepG2 cells that were
homogeneously distributed in the hydrogel scaffolds. It was also developed as a tool to measure the
GFP-MCF-7 cell densities, proliferation and viability in the hydrogel scaffolds using aligned pairs of
microelectrodes [11]. Based on the analytical calculation models, the epithelial differentiation processes
of Madin–Darby canine kidney (MDCK) cells cultured in 3D printed Poly (DL-lactide-co-glycolide)
acid (PLGA) scaffolds filled with collagen gels were monitored by Daoud et al. [12]. Currently, the main
concern of DS is that a pair of electrodes only provide a lumped impedance value for the entire hydrogel
sample, so the spatial resolution is necessary to be improved [10].
In a medical imaging context, dielectric properties of tissues can be retrieved with spatial
resolution with electrical impedance tomography (EIT). Sharing the same theory of the DS,
the EIT system allows the users to address multiple measurements from the electrode arrays through
a multiplexer for switching the current source and a data acquisition unit [13]. The first EIT system for
medical research, the Sheffield Mk1, was developed in 1987 by Brown and Seagar [14]. The system
used 16 electrodes, and measurements were performed to monitor the cardiac gating at a fixed
frequency of 51 kHz [15]. The second generation of EIT measurement systems was developed during
the next two decades. They allowed multi-frequency measurements with the aim to identify biological
tissues. Two systems, the UCLH Mark 1b and the KHU Mark 1, were sequentially developed
by Yerworth et al. [16] and Oh et al. [17], which achieved the multi-frequency time-difference
imaging and frequency-difference imaging of the local small conductivity change in human lungs due
to respiration [18].
The EIT was first developed for the clinical applications, such as thorax imaging [19],
brain function monitoring [20] and breast cancer screening [21,22], but the development of
microtechnologies has recently allowed the application of EIT at the cellular scale. Linderholm et al. [23]
developed the first EIT sensor for in vitro experiments, in which 16 parallel planar electrodes were
deposited on the substrate of the sensor to monitor the migration of adhesive human epithelial stem
cells. Single cell measurements were then carried out to evaluate the cell size [24] and membrane
integrity [25]. In this decade, densely packed tumour spheroids have successfully been imaged in
proof-of-principle experiments [26] and for the purpose of chemical insult monitoring [27]. It has also
been reported that the yeast cell sedimentation in a microchannel can be visualized through the
EIT imaging [28].
Previous studies are mainly focused on the time-difference imaging of cell aggregates that have
a relatively high concentration in the local area. In this paper, we explored the potential to use the
EIT for tissue engineering applications, for which the key challenge was to monitor a sparse cell
distribution in regards to the size of the hosting scaffold, i.e., low volume fraction of cells within the
scaffold, until they assembled into a larger tissue-like structure. We showed proof-of-principle data,
and measured cell distributions within both a hydrogel and a microporous scaffold with a customized
EIT equipment. The frequency-difference imaging method and the isotropic total variation (TV) and
l1 joint regularization algorithm were applied for the first time in cellular imaging to eliminate the
measurement errors, so that the small change of conductivity due to the presence of cells was observed
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more accurately. Methods to increase the image quality and the potential applications of our proposed
method were discussed.
2. Materials and Methods
2.1. Principle of EIT
The purpose of EIT measurements is to find the conductivity distribution in a closed domain
based on the boundary potential measurements corresponding to the injected current. Its mathematical
theory can be summarized in two parts: the forward problem and the inverse problem.
The forward problem corresponds to the prediction of the boundary voltage distribution when the
conductivity distribution and the injected current are known. Solving the forward problem involves
the calculation of the relationship between boundary voltages V (V) and the conductivity distribution σ
(S/m), which can be represented by a derived formula from the Maxwell’s equation and be linearized
in the finite element model [29]:
∆V = J∆σ (1)
where J is the sensitivity matrix that indicates the relationship between the change in conductivity
∆σk (S/m) in the kth voxel and the change in the voltage distribution ∆V(V). It can be calculated in the
simulation by stimulating a current in the sensor with a homogeneous solution and measuring the
electric potential at different voxels (Figure 1a):
Jk =
dvi,j
dσk
= −
∫
voxel k
∇vk(Ii)×∇vk(Ij)dxdy (2)
where ∇vk(Ii)(V/m) is the electric potential at the kth voxel when current I(A) is stimulated at the
ith electrode pair, and ∇vk(Ij)(V/m) is the electric potential at the kth voxel when the current I(A) is
stimulated at the jth electrode pair.
The inverse problem corresponds to the calculation of the variation of the conductivity distribution
based on the sensitivity matrix and the boundary voltage changes. The voltage changes (Figure 1b)
can be measured with either the time-difference EIT method or the frequency-difference EIT method.
In the time-difference EIT, the current with a single frequency is injected into the sensor, and the
measurement at t0(s) is taken as a reference. Then, the reference is subtracted from the voltage
distribution at t1(s) to indicate the conductivity perturbation during this period:
∆V = Vt1 −Vt0 (3)
In the frequency-difference EIT, a pair of complementary currents with two frequency components,
f0(kHz) and f1(kHz), are injected to the electrodes. The voltage difference between two frequencies is
used for the image reconstruction to represent the frequency response of the tissue under test:
∆V = Vf1 −Vf0 (4)
The solution to the inverse problem is to solve the following least square function,
which minimizes the difference between the measured voltages distributions and the estimated
voltage distributions:
∆σˆ = argmin
∆σ
(
1
2
‖∆V − J∆σ‖22) (5)
where ∆σˆ (S/m) is the estimated conductivity variation. However, the inverse problem is “ill-posed”,
and the solution to Equation (5) is not unique. To overcome the ill-posedness, the objective function,
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Equation (5), is constrained with an additional regularization function. In this study, the isotropic TV
and l1 joint regularization [30] were applied:
∆σˆ = argmin
∆σ
(
1
2
‖∆V − J∆σ‖22 + λ1TV(∆σ) + λ2‖∆σ‖1) (6)
where TV(∆σ) is the TV of the reconstructed image [31] and ‖∆σ‖1 is the l1 penalty term. λ1 and λ2
are the regularization parameters for the TV regularization and the l1 regularization, respectively.
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Figure 1. Sche atic diagra sho ing the ays to reconstruct the conductivity distribution based on
iti it atrix Ji,j for the measurem nt using electrode pairs ith and jth, and (b)
the boundary voltage variation ∆V. Each boundary measurement has a corresponding sensitivity
matrix. The sensitivity Jk indicates the amplitude of boundary voltage variation if the conductivity
changes at the kth voxel. With the boundary voltage variation induced by the cells, the cell distribution
in the scaffold can be reconstructed by minimizing the difference between the measurements and
the estimated voltage variation, which is calculated by the sensitivity matrix J and the estimated
conductivity variation ∆σˆ.
2.2. EIT Measurements in the Miniature Sensor
The EIT measurements were carried out with a multi-frequency EIT system [32] and a miniature
EIT sensor [33] developed at the University of Edinburgh (Figure 2a). The chamber of the sensor was
a cylinder with a diameter and a height of 15 mm and 10 mm, respectively. Sixteen working electrodes
were evenly distributed at the edge of the sensor (Figure 2b). In this study, we applied the adjacent
method [13] for current stimulations and voltage measurements. A stimulation current of 1 mA
with frequencies from 10 kHz to 100 kHz was first injected into the sensor through a pair of adjacent
electrodes, and the corresponding voltages applied to other electrode pairs were successively measured
with the system (Figure 1b). By switching the stimulation electrode pairs, this process generated a total
of 104 independent measurements for the image reconstruction, which required approximately 0.07 s
for a full scan. This measurement scheme provided high sensitivity to the conductivity variation at
the bottom area, where the scaffold located (Figure 2c), so it was easier to detect the cell distribution.
The selection of the current amplitude was based on the consideration of a heating effect [27], so that the
cell viability was not affected by the injected current. The selection of the stimulation frequency was
based on the three dispersion mechanisms introduced by Schwan [34], which illustrated the frequency
response of biological tissues and cell suspensions. The α-dispersion appeared below several kHz and
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was not easy to measure due to the interference from electrode polarization effects. The β-dispersion
distributed between 10 kHz to several MHz was mainly attributed to the interfacial polarization due
to the existence of the insulating membrane surrounding the cells. The γ-dispersion was above 1 GHz
and was related to the polarization of water molecules. The conductivity changes at 10–100 kHz were
associated with cell membranes integrity (β-dispersion), and we could therefore estimate the cell
distribution within the scaffolds based on the observed values [35].
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2.3. Cell Culture
Breast cancer cells, CF-7, were routinely cultured in a Dulbecco’s odified Eagle’s ediu
(Life Technologies, Carlsbad, CA, USA) containing 10% fetal bovine serum (Thermo Fisher Scientific,
Waltham, MA, USA) and 1% penicillin-streptomycin (Life Technologies, Carlsbad, CA, USA).
Cells were grown in an incubator at 37 ◦C with 5% CO2, and the medium was changed every 48 h.
2.4. Cell Seeding
The cells were seeded in HyStem-HP hydrogels (Sigma-Aldrich, St. Louis, MO, USA) and 96-well
AlgiMatrix scaffolds (Lif Technologies, CA, USA) were used to accomm date the cells with
a concentration of 5 × 106 in each scaffold. Thi concentration allowed the ells to completely fill the
void spaces of the scaffolds [36]. The equivalent v lume fraction of the cells in the s affold was 10.7%,
which was lower than that of densely packed cell spheroids with a volume fractio between 46% and
65%, so we onsidered it as the sparse c ll distribution. To prepare the hydroge samples, HySt m-HP,
Gelin-S and Extralink 2 pow er were dissolved in th degassed water and mixed following the tandard
operation protocol to generate the HyStem-HP hydrogel solution. T cells cultured in monolay r,
as mentioned in Section 2.3, were ec vered with 0.25% trypsin (Mediatech, Manassas, VA, USA)
and w re centrifuged to cell pellets at 259 relative centrifugal force (RCF) for 5 min. The p llet was
then su pended in the HyStem-HP hydrogel s lution to achieve a cell con tration o 5 × 107 per mL.
One hundred microliters of cell suspensio was added to the 96-well plate bef re gel tion occurred.
The blank hydr gel control was formed by ad ing 100 µL HyStem-HP hydrogel olution ll
late. To seed the AlgiMatrix scaffolds, the AlgiMatrix sponges were first rehydrated with 50% firming
buffer for 5 min in the 96-well plate. The cel pellet was prepared w th the same method mentioned
Materials 2018, 11, 930 6 of 11
above and was suspended with the culture medium to achieve a cell concentration of 5 × 107 per mL.
Each scaffold sample in the well was seeded with 100 µL cell suspension. The blank scaffold control
was added to an empty well and was incubated with the samples. The 96-well plate was placed in
the incubator to allow cell attachment. One hundred microliters of a medium was topped up to each
well after 2 h. The samples and the blank controls were then transferred from the 96-well plate to the
chamber of the miniature EIT sensor during the measurements after being cultured in the plate for 24 h.
3. Results
Time-difference and frequency-difference imaging for the hydrogels and the scaffolds were
performed in this section. The sensor containing the cell-encapsulated hydrogel sample or scaffold
sample was placed in the incubator during the measurements. Boundary voltages measurements
were taken from the electrodes when multi-frequency stimulation current was injected into the sensor.
In the control group, blank hydrogels and scaffolds were placed into the sensor and measured under
the same conditions.
3.1. Time-Difference EIT Image Reconstruction
In the time-difference EIT, the boundary voltages for the samples and the homogeneous medium
reference at 10 kHz were selected for image reconstruction. Figures 3 and 4 show the time-difference
images of the cells in hydrogels and scaffolds. The positions of the samples were correctly estimated
based on the conductivity variation in the related area. The presence of cells in the hydrogels and
the scaffolds resulted in a similar conductivity drop. Since the conductivity magnitude of the cells
was lower than that of the medium [37], the presence of the cells reduced the local conductivity of
the scaffolds, resulting in a drop in the image. The color bar indicated the relative change of local
conductivity compared with the conductivity of the culture medium, which was a non-dimensional
quantity. In Figures 3c,d and 4c,d, the blank hydrogels and scaffolds could not be reconstructed in
the images because the materials of hydrogels and scaffolds had a similar conductivity to that of the
culture medium. The non-specific change in background conductivity was due to the introduction
of hydrogels and scaffolds, which changed the liquid volume and the liquid surface in the sensor.
As a consequence, the sensor models before and after scaffold insertion were different, so modelling
error occurred.
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Figure 3. Time-difference EIT for a cell-loaded hydrogel sample at positions 1 (a) and 2 (b); and a 
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conductivity magnitude similar to that of the cell culture medium and were therefore below the noise 
level. In contrast, the presence of cells decreased the conductivity and resulted in a drop of 0.16 in 
Figure 3. Time-difference EIT for a cell-loaded hydrogel sample at positions 1 (a) and 2 (b); and a blank
hydrogel at similar positions 1 (c) and 2 (d). When no cells were present, blank hydrogels had
a conductivity magnitude similar to that of the cell culture medium and were therefore below the noise
level. In contrast, the presence of cells decreased the conductivity and resulted in a drop of 0.16 in
conductivity. Non-specific change in conductivity was observed (yellow area) and was attributed to
the change of liquid surface and liquid volume after the insertion of the hydrogel samples.
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Figure 4. Time-difference EIT for a cell-loaded scaffolds sample at positions 1 (a) and 2 (b);
and an independent blank scaffold at similar positions 1 (c) and 2 (d). When no cells were present,
blank scaffolds had a conductivity magnitude similar to that of the cell culture medium and were
therefore below the noise level. In contrast, the presence of cells decreased the conductivity and resulted
in a drop of 0.11 in conductivity.
3.2. Frequency-Difference EIT Image Reconstruction
In the frequency-difference EIT, the frequency range was set from 10 kHz to 100 kHz, and the
voltage m urements at 10 kHz were used as Vf0 . We chose this frequency range to demo strate the
feasibility of EIT in the monitoring of the β-dispersions of the tissues [8], but alternative frequency
ranges could be selected to show other distinct dispersion phases.
Figures 5 and 6 show the frequency-difference images of the hydrogels and the scaffolds.
In Figure 5, the conductivity of the cell-loaded hydrogel sample increased from 0.007 at 20 kHz
to 0.063 at 100 kHz. Since the conductivity variation of the hydrogels was similar to that of the culture
medium, which was seen in the control groups, the conductivity increase was mainly attributed to the
interfacial polarization across the cellular plasma membranes and their interactions with the extra- and
intra-cellula lectrolytes. In Figure 6, the conductivity of the cell-loaded scaffold samp e cr ased
from 0.006 at 20 kHz to 0.048 at 100 kHz, which was less than that of th hydrogels. When we referred
to the Hanai’s equation [38], this variation meant that the volume fraction of cells in the hydrogel
sample was higher than that in the scaffold sample. It was because that some cells were deposited on
the bottom of the well through the pores of the scaffold before cell attachment, while all the cells in
the suspension were encapsulated inside the hydrogel. Therefore, the actual cell concentration in the
hydrogel sample was higher than that in the scaffold sample.
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cell-loaded scaffold sample, and the second row is the blank scaffold.
4. Discussion
The experiments in this study established the proof-of-principle that EIT could detect the presence
of cells within 3D cell culture hydrogel scaffolds with an average thickness of 2.8 mm. Compared
with the conventional techniques that require sectioning and dyeing as mentioned in the introduction,
the EIT is a more convenient and more efficient method to monitor the cell distribution without
destroying the samples. The time-difference EIT successfully reconstructed the local conductivity
for both the hydrogels and the AlgiMatrix scaffold samples, allowing us to image the cell-loaded
samples by mapping the local conductivity contrast due to the presence of MCF-7 cells. However,
the background disturbances, such as the variation in the liquid volume, resulted in the non-specific
conductivity error in the images.
For the purpose of this work, we reconstructed the frequency-difference EIT images based on the
existence of the β-dispersion for biological tissues at radio frequencies. We postulated that, according
to the Maxwell—Garnett theory, the presence of cells with a thin insulating membrane would result in
frequency dependency of the sample conductivity. It could be detected by mapping the conductivity
difference at frequencies across the frequency spectrum (10 kHz–100 kHz in our case). The results
displayed in Figures 5 and 6 are very promising and have the potential to provide more information,
such as the cell concentration of the sample.
The sensitivity of boundary measurements to the local conductivity contrast depended on the
current density of the local area during the measurement. In Figure 2, it can be seen that the current
density near the electrode was thousand times higher than that in the middle area. In order to increase
the sensitivity, one effective method is to reduce the size of the sensor to fit the size of the scaffold.
Reducing the size of the sensor increases the current density in the chamber with the same stimulation
current, so the sensitivity in the whole space will be increased. Alternatively, increasing the number
of independent measurements also allows a higher sensitivity to the changes of local conductivity.
It could be achieved by using new sensor patterns such as the sensor with an increased number of
electrodes [39,40]. Otherwise, rotational electrodes can be implemented to the sensor [41] so that the
number of measurements can be increased while the size of the electrodes can be guaranteed, which
minimizes the impact of contact impedance [42] to the voltage data.
At present, the spatial resolution of EIT is not as high as other imaging techniques, such as
confocal and fluorescence microscopy. One of the most important factors is the low signal to noise
ratio (SNR) in the measurement signal, which means that boundary voltage variation due to the
fact that the conductivity variation of the tissue is small in comparison with the circuitry noise and
the background interference. The application of frequency-difference imaging method penalizes the
disturbance of liquid volume and liquid surface, reducing the non-specific errors in the reconstructed
images. To further improve the spatial resolution, accurate system calibration [43] is required to
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compensate the circuitry noise before the experiment. Alternatively, advanced image reconstruction
algorithms based on strong prior knowledge, such as the structure of the tissue, can be applied to
improve the spatial resolution.
For tissue engineering applications, it is highly desirable to monitor in real-time over long-term
cell growth and differentiation, together with tissue formation in 3D scaffolds. When cell culture is
performed over days, the conductivity of the culture medium is likely to change continuously over
time, because of changes in dissolved gas content and pH change associated with the formation of
cell by-products. In this case, the homogeneous reference is not available for time-difference EIT
imaging. The frequency-difference EIT imaging proposed in this study overcomes this challenge,
and it reconstructs images of the conductivity spectrum of tissues, which is only relevant to the
frequency response of the cells. This method is more robust to the disturbance in the culture
environment and is suitable to be applied in the long-term cellular assay.
5. Conclusions
In this paper, we confirmed that EIT is a suitable candidate to image and monitor viable
cell distribution deep into 3D cell culture scaffolds. The EIT has the advantages of low cost,
ease of operation, non-destructive and label-free features, and is suitable for long-term assays,
but its performance will be better if its measurement error can be reduced in scaffold monitoring,
because the sparse cell distribution produces a smaller conductivity variation of the area of interest,
which results in a relative small SNR compared with conventional EIT applications. The application
of frequency-difference imaging method mitigated the error caused by the change of liquid volume
and liquid surface, so the non-specific background disturbance was eliminated. The application of the
isotropic TV and l1 joint regularization algorithm maintained a clear boundary of the scaffold while
further penalizing the background noise. Currently, we successfully reconstructed the cell distribution
in the hydrogels and the scaffolds with an average thickness of 2.8 mm and the volume fraction of
the cells at 10.7%. Future work should focus on the signal enhancement by optimizing the sensor
design. Quantitative experiments with different seeding concentrations will be performed with the
suggested optimizations to determine the limit of detection of EIT in the 3D sparse cellular assays,
which is compared with that in the cellular metabolic assays.
Author Contributions: H.W., W.Z. and P.B. designed and performed the experiments; H.W. and Y.Y. provided the
software; H.W. and J.J. analyzed the data; H.W., W.Z., J.J. and P.B. wrote the paper.
Funding: This research was supported by alumni and friends of the University of Edinburgh through
an Innovation Initiative Grant (Grant ID: GR003345), the international exchanges grant (ref. IE151106)
from the Royal Society (London, the United Kingdom) and the National Natural Science Foundation of China
(ref. 81300345).
Acknowledgments: We would like to thank Dr Leonard Nelson for providing the Hydrogel samples.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Langer, R.; Vacanti, J. Tissue engineering. Science 1993, 260, 920–926. [CrossRef] [PubMed]
2. Shafiee, A.; Atala, A. Tissue engineering: Toward a new era of medicine. Annu. Rev. Med. 2017, 68, 29–40.
[CrossRef] [PubMed]
3. Marlina, S.; Shu, M.-H.; AbuBakar, S.; Zandi, K. Development of a Real-Time Cell Analysing (RTCA) method
as a fast and accurate screen for the selection of chikungunya virus replication inhibitors. Parasites Vectors
2015, 8, 579. [CrossRef] [PubMed]
4. Pethig, R.; Kell, D.B. The passive electrical properties of biological systems: Their significance in physiology,
biophysics and biotechnology. Phys. Med. Biol. 1987, 32, 933. [CrossRef] [PubMed]
5. Ducommun, P.; Kadouri, A.; Von Stockar, U.; Marison, I. On-line determination of animal cell concentration
in two industrial high-density culture processes by dielectric spectroscopy. Biotechnol. Bioeng. 2002, 77,
316–323. [CrossRef] [PubMed]
Materials 2018, 11, 930 10 of 11
6. Carvell, J.P.; Dowd, J.E. On-line measurements and control of viable cell density in cell culture manufacturing
processes using radio-frequency impedance. Cytotechnology 2006, 50, 35–48. [CrossRef] [PubMed]
7. Justice, C.; Brix, A.; Freimark, D.; Kraume, M.; Pfromm, P.; Eichenmueller, B.; Czermak, P. Process control in
cell culture technology using dielectric spectroscopy. Biotechnol. Adv. 2011, 29, 391–401. [CrossRef] [PubMed]
8. Heileman, K.; Daoud, J.; Tabrizian, M. Dielectric spectroscopy as a viable biosensing tool for cell and tissue
characterization and analysis. Biosens. Bioelectron. 2013, 49, 348–359. [CrossRef] [PubMed]
9. Hildebrandt, C.; Büth, H.; Cho, S.; Thielecke, H. Detection of the osteogenic differentiation of mesenchymal
stem cells in 2D and 3D cultures by electrochemical impedance spectroscopy. J. Biotechnol. 2010, 148, 83–90.
[CrossRef] [PubMed]
10. Canali, C.; Mazzoni, C.; Larsen, L.B.; Heiskanen, A.; Martinsen, Ø.; Wolff, A.; Dufva, M.; Emnéus, J.
An impedance method for spatial sensing of 3D cell constructs–towards applications in tissue engineering.
Analyst 2015, 140, 6079–6088. [CrossRef] [PubMed]
11. Lee, S.-M.; Han, N.; Lee, R.; Choi, I.-H.; Park, Y.-B.; Shin, J.-S.; Yoo, K.-H. Real-time monitoring of 3D cell
culture using a 3D capacitance biosensor. Biosens. Bioelectron. 2016, 77, 56–61. [CrossRef] [PubMed]
12. Jamal, D.; Koji, A.; Lawrence, R.; Maryam, T. Dielectric spectroscopy for non-invasive monitoring of epithelial
cell differentiation within three-dimensional scaffolds. Phys. Med. Biol. 2012, 57, 5097.
13. Harikumar, R.; Prabu, R.; Raghavan, S. Electrical Impedance Tomography (EIT) and Its Medical Applications:
A Review. Int. J. Soft Comput. Eng. 2013, 3, 2231–2307.
14. Brown, B.; Seagar, A. The Sheffield data collection system. Clin. Phys. Physiol. Meas. 1987, 8, 91. [CrossRef]
[PubMed]
15. Eyuboglu, B.; Brown, B. Methods of cardiac gating applied potential tomography. Clin. Phys. Physiol. Meas.
1988, 9, 43. [CrossRef] [PubMed]
16. Yerworth, R.J.; Bayford, R.; Cusick, G.; Conway, M.; Holder, D.S. Design and performance of the UCLH
Mark 1b 64 channel electrical impedance tomography (EIT) system, optimized for imaging brain function.
Physiol. Meas. 2002, 23, 149. [CrossRef] [PubMed]
17. Oh, T.I.; Woo, E.J.; Holder, D. Multi-frequency EIT system with radially symmetric architecture: KHU Mark1.
Physiol. Meas. 2007, 28, S183. [CrossRef] [PubMed]
18. Kim, S.M.; Oh, T.I.; Woo, E.J.; Kim, S.W.; Seo, J.K. Time- and frequency-difference imaging using KHU Mark1
EIT system. In Proceedings of the 13th International Conference on Electrical Bioimpedance and the 8th Conference
on Electrical Impedance Tomography 2007, ICEBI 2007, Graz, Austria, 29 August–2 September 2007; Springer
Verlag: Graz, Austria; pp. 340–343.
19. Kang, S.I.; Khambampati, A.K.; Jeon, M.H.; Kim, B.S.; Kim, K.Y. A sub-domain based regularization method
with prior information for human thorax imaging using electrical impedance tomography. Meas. Sci. Technol.
2016, 27, 025703. [CrossRef]
20. Aristovich, K.Y.; Packham, B.C.; Koo, H.; dos Santos, G.S.; McEvoy, A.; Holder, D.S. Imaging fast electrical
activity in the brain with electrical impedance tomography. NeuroImage 2016, 124, 204–213. [CrossRef]
[PubMed]
21. Lee, E.; Ts, M.-E.; Seo, J.K.; Woo, E.J. Breast EIT using a new projected image reconstruction method with
multi-frequency measurements. Physiol. Meas. 2012, 33, 751. [CrossRef] [PubMed]
22. Cherepenin, V.; Karpov, A.; Korjenevsky, A.; Kornienko, V.; Mazaletskaya, A.; Mazourov, D.; Meister, D.
A 3D electrical impedance tomography (EIT) system for breast cancer detection. Physiol. Meas. 2001, 22, 9.
[CrossRef] [PubMed]
23. Linderholm, P.; Braschler, T.; Vannod, J.; Barrandon, Y.; Brouard, M.; Renaud, P. Two-dimensional impedance
imaging of cell migration and epithelial stratification. Lab Chip 2006, 6, 1155–1162. [CrossRef] [PubMed]
24. Sun, T.; Tsuda, S.; Zauner, K.-P.; Morgan, H. On-chip electrical impedance tomography for imaging biological
cells. Biosens. Bioelectron. 2010, 25, 1109–1115. [CrossRef] [PubMed]
25. Meir, A.; Rubinsky, B. Electrical impedance tomographic imaging of a single cell electroporation.
Biomed. Microdevices 2014, 16, 427–437. [CrossRef] [PubMed]
26. Yang, Y.; Wu, H.; Jia, J. Simulation study of scaffold 3D cell culture imaging using a miniature planar EIT
sensor. In Proceedings of the 2017 IEEE International Conference on Imaging Systems and Techniques (IST),
Beijing, China, 18–20 October 2017; pp. 1–6.
27. Yin, X.; Wu, H.; Jia, J.; Yang, Y. A Micro EIT Sensor for Real-time and Non-destructive 3-D Cultivated Cell
Imaging. IEEE Sens. J. 2018, 1. [CrossRef]
Materials 2018, 11, 930 11 of 11
28. Liu, X.; Cui, Y.; Yao, J.; Obara, H.; Zhao, T.; Takei, M. Development of electrical impedance tomography
system for cell sedimentation detection in electrode-multilayered microchannel. In Proceedings of the
2016 IEEE International Symposium on Micro-NanoMechatronics and Human Science (MHS), Singapore,
Singapore, 28–30 November 2016; pp. 1–6.
29. Holder, D.S. Electrical Impedance Tomography: Methods, History and Applications; CRC Press: Boca Raton,
FL, USA, 2004.
30. Yang, Y.; Wu, H.; Jia, J.; Bagnaninchi, P. Scaffold-based 3-D Cell Culture Imaging Using a Miniature Electrical
Impedance Tomography Sensor. Meas. Sci. Technol.. under review.
31. Dai, Q.; Sha, W. The physics of compressive sensing and the gradient-based recovery algorithms. arXiv, 2009,
arXiv:0906.1487.
32. Yang, Y.; Jia, J. A multi-frequency electrical impedance tomography system for real-time 2D and 3D imaging.
Rev. Sci. Instrum. 2017, 88, 085110. [CrossRef] [PubMed]
33. Yang, Y.; Jia, J.; Smith, S.; Jamil, N.; Gamal, W.; Bagnaninchi, P.-O. A miniature electrical impedance
tomography sensor and 3-D image reconstruction for cell imaging. IEEE Sens. J. 2017, 17, 514–523. [CrossRef]
34. Schwan, H. Electrical properties of tissues and cell suspensions: Mechanisms and models. In Proceedings
of the 16th Annual International Conference of the IEEE Engineering in Medicine and Biology
Society, Engineering Advances: New Opportunities for Biomedical Engineers, Baltimore, MD, USA,
3–6 November 1994; Volume 1, pp. A70–A71.
35. Xu, Y.; Xie, X.; Duan, Y.; Wang, L.; Cheng, Z.; Cheng, J. A review of impedance measurements of whole cells.
Biosens. Bioelectron. 2016, 77, 824–836. [CrossRef] [PubMed]
36. Solchaga, L.A.; Tognana, E.; Penick, K.; Baskaran, H.; Goldberg, V.M.; Caplan, A.I.; Welter, J.F. A rapid seeding
technique for the assembly of large cell/scaffold composite constructs. Tissue Eng. 2006, 12, 1851–1863.
[CrossRef] [PubMed]
37. Qiao, G.; Duan, W.; Chatwin, C.; Sinclair, A.; Wang, W. Electrical properties of breast cancer cells from
impedance measurement of cell suspensions. J. Phys.: Conf. Ser. 2010, 224, 012081. [CrossRef]
38. Asami, K. Characterization of heterogeneous systems by dielectric spectroscopy. Prog. Polym. Sci. 2002, 27,
1617–1659. [CrossRef]
39. Liu, Q.; Oh, T.I.; Wi, H.; Lee, E.J.; Seo, J.K.; Woo, E.J. Design of a microscopic electrical impedance tomography
system using two current injections. Physiol. Meas. 2011, 32, 1505. [CrossRef] [PubMed]
40. Lee, E.J.; Wi, H.; McEwan, A.L.; Farooq, A.; Sohal, H.; Woo, E.J.; Seo, J.K.; Oh, T.I. Design of a microscopic
electrical impedance tomography system for 3D continuous non-destructive monitoring of tissue culture.
Biomed. Eng. OnLine 2014, 13, 142. [CrossRef] [PubMed]
41. Lehti-Polojärvi, M.; Koskela, O.; Seppänen, A.; Figueiras, E.; Hyttinen, J. Rotational electrical impedance
tomography with few electrodes. In Proceedings of the 18th International Conference on Biomedical
Applications of Electrical Impedance Tomography, Hanover, NH, USA, 21–24 June 2017; p. 3.
42. Wang, M. Electrode models in electrical impedance tomography. J. Zhejiang Univ. Sci. A 2005, 6, 1386–1393.
[CrossRef]
43. McEwan, A.; Romsauerova, A.; Yerworth, R.; Horesh, L.; Bayford, R.; Holder, D. Design and calibration of
a compact multi-frequency EIT system for acute stroke imaging. Physiol. Meas. 2006, 27, S199. [CrossRef]
[PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
